The adsorption equilibrium of seven chlorohydrocarbons in singleand multi-component aqueous solutions was investigated. The experimental data and theoretical analysis for the adsorption equilibria of chloroform (CHCl 3 ), carbon tetrachloride (CCl 4 ), 1,2-dichloroethane (12DCE), 1,1,2,2-tetrachloroethane (S-TET), vinylidene chloride (VDC), trichloroethylene (TRI) and tetrachloroethylene (PER) onto DTO activated carbon from single-and multicomponent aqueous solutions were presented. Correlation of the experimental data was performed for a single-component solution using the Langmuir and Freundlich equations. The composition of the mixture included all the abovementioned chloro-derivatives.
INTRODUCTION
The design of an adsorption column for the removal (and also, frequently, for the recovery of) useful chemical compounds requires knowledge of the adsorption equilibrium. However, the majority of systems encountered in industry requiring purification by adsorption consist of multicomponent solutions for which adsorption isotherm studies are laborious due to the large number of component concentrations involved. For this reason, the solution of the problem of adsorption equilibria in multi-component systems based on a knowledge of the adsorption isotherms for single-component solutions is of considerable importance.
Several calculation methods for multi-component systems can be found in the literature. Myers and Prausnitz have developed the Ideal Adsorbed Solution (IAS) model based on the thermodynamics of an ideal adsorbed solution. However, this model describes the adsorption equilibrium by means of an equation system that complicates the calculations (Myers and Prausnitz 1965; Kazmierczak 1988) . Blasinski et al. (1986) used the model described by Radke and Prausnitz (1972) to obtain a description of the adsorption of p-chlorophenol and p-nitrophenol *Author to whom all correspondence should be addressed. E-mail: milch@ps.pl. from aqueous solutions. This model assumes that the adsorption solution exhibits ideal behaviour for low component concentrations of components. A simplified form of the IAS model, termed SIAS (simple ideal adsorbed solution), was proposed by DiGiano et al. (1978) . Ruthven (1984) developed a method based on the Langmuir theory for gaseous mixtures. In this case the adsorption isotherms of the respective components were described by the Freundlich equation, the ratio of the actual adsorption of the ith component of the mixture to the maximum adsorption being calculated from the Freundlich-Langmuir equation. Ambrozek (2001) described the adsorption equilibrium of a mixture of acetone and methanol vapours using the Langmuir and Freundlich-Langmuir equations extended for multi-component systems by the Dubinin-Astakov model as modified by Dong and Yang and the IAS model. Paderewski and Lach (1984) advanced the assumption that the influence of one component in a two-component solution on the magnitude of the adsorption of the second component is negligible provided that the solution is dilute. Thus, it was confirmed for 28 aqueous solutions containing two organic components that the value of the excess adsorption did not deviate by more than 10% from the experimentally determined values for 84% of the measurement points, whereas for the remaining points the deviation did not exceed 15% (Paderewski and Lach 1984) .
However, a general method of assessing the adsorption equilibrium providing satisfactory results still does not exist because of the complexity and variety of adsorption systems. Thus, each system should be treated individually.
EXPERIMENTAL

Materials and methods
Investigations of the adsorption equilibria of chloroform (CHCl 3 ), carbon tetrachloride (CCl 4 ), 1,2-dichloroethane (12DCE), 1,1,2,2-tetrachloroethane (S-TET), vinylidene chloride (VDC), trichloroethylene (TRI) and tetrachloroethylene (PER) onto activated carbon from single-and multi-component aqueous solutions were undertaken. The DTO activated carbon employed was obtained from 'Gryfskand', Poland, preliminary studies having revealed that this carbon exhibited the greatest adsorptivity among the group of products supplied by this firm (Milchert et al. 2000) . The relevant parameters of DTO activated carbon are listed in Table 1 .
Equilibrium studies were carried out by the static method at a temperature of 30 ± 0.5°C. The aqueous solutions were prepared using methanol as the co-solvent. Thus, a solution of the chloro-derivatives of the hydrocarbons in methanol was initially prepared at a concentration of 2400 mg/dm 3 . According to the literature, methanol has no influence on the adsorption of the 708 Robert Pelech et al./Adsorption Science & Technology Vol. 21 No. 8 2003 chloro-derivatives studied (Dobs and Cohen 1980; Speth and Miltner 1990; Urano et al. 1991) . The co-solvent facilitated the preparation of the aqueous solutions of the sparingly soluble chloro-derivatives quite significantly, allowing solutions with a concentration of several mg/dm 3 to be prepared. Thus, 240 ± 0.5 cm 3 of water were placed in glass bottles with a volume of 244 cm 3 that were then tightly closed with caps having a silicone-PTFE gasket. Weighed portions (to an accuracy of ± 0.5 mg) of the activated carbon were added to the bottles, the adsorbent having being rinsed with distilled water prior to the experiments and dried at 110°C for 4 h. To such a prepared solution of the adsorbate suspension was added an exactly determined volume of the methanol solution of a given chloro-derivative (employing an automatic measuring pipette HTL ± 0.2 mm 3 ) to achieve the required initial concentration C 0i . A similar measurement of the concentration C 0i in a bottle without adsorbate was undertaken simultaneously.
The bottles were then placed in a thermostatted shaker and adsorption equilibrium curves were determined for both single-component aqueous solutions and a multi-component mixture. The various mixture compositions included the following chloro-derivatives: CHCl 3 , CCl 4 , 12DCE, VDC, TRI, S-TET and PER. Measurements were performed for initial concentrations of the respective components of the mixtures and their various combinations. In total, 58 different adsorption systems were studied. Initial concentrations within the range 1-25 mg/dm 3 were taken for a given chloro-derivative, whereas the adsorbent concentration range extended from 0.400 g/dm 3 to 8.500 g/dm 3 . When adsorption equilibrium had been established, the change in concentration of the solution in contact with the weighed portion of adsorbent was measured.
The time required for attainment of such adsorption equilibrium was determined from preliminary studies (Milchert et al. 2000; Pelech et al. 2001) . Analysis of the concentrations of the chloro-derivatives was carried out using the 'head-space' technique employing a gas chromatograph (Thermo Finningan GC8000 Top ) with an electron-capture detector (ECD) (Pelech et al. 2001) . The equilibrium concentrations thus measured enabled the adsorptivity of the adsorbent relative to the adsorptive to be calculated for a given concentration point.
The adsorptivity was calculated from equation:
(1)
where a is the adsorptivity (mmol/g), C 0 is the initial concentration (mmol/dm 3 ), C is the equilibrium concentration (mmol/dm 3 ), m is the adsorbent mass (g) and V is the volume of the solution (dm 3 ).
RESULTS AND DISCUSSION
Adsorption from single-component solutions
The isotherms obtained for the adsorption of the chloro-derivatives studied from single-component solutions are depicted in Figure 1 . All the experimental equilibrium data could be well described by the Langmuir equation:
(2) a a bC Robert Pelech et al./Adsorption Science & Technology Vol. 21 No. 8 2003 by the Freundlich-Langmuir equation:
( The trend in the adsorption isotherms reveals that the adsorption affinity decreased in the order: PER > S-TET > TRI > CCl 4 > VDC > CHCl 3 > 12DCE. The parameter a m in the Langmuir isotherm was equal to 1.5 mmol/g. The correlation coefficient of a non-linear estimation remained almost unchanged in each case. The three-parameter Freundlich-Langmuir equation described the equilibria in the systems studied with greatest accuracy. In each case, this equation provided a very good fit to the experimental points when a m = a max = 1.5 mmol/g. Values of the coefficients for the Langmuir and Freundlich-Langmuir equations for a m = 1.5 mmol/g together with the square of the correlation coefficient for the experimental data are summarized in Table 3 .
All these results indicate that the maximum adsorptivity of the DTO activated carbon in relation to all the chloro-derivatives studied amounted to 1.5 mmol/g. The adsorption isotherms of the investigated compounds possessed a common asymptote at C ® ¥ but differed in the magnitude of the increment da/dC. The latter increased as the adsorption affinity increased. However, this does not imply that the value of a max was actually determined for each chloro-derivative -it only gives an indication of the number of active sites on which molecules of these compounds could be adsorbed on the surface of the activated carbon.
Because of the limited solubility of the chloro-derivatives in water, the hypothetical equilibrium concentration at which saturation of the adsorbent surface occurred was located at a point greater than the solubility of the compound, and hence could not be realized in practice.
Adsorption from multi-component solutions
With multi-component solutions, the magnitude of the adsorption of a given compound will be dependent on the concentrations of the other components in the solution as a result of the displacement of poorer adsorbing compounds from the active sites. The adsorption isotherms for poorer adsorbing compounds did not increase in a monotonic fashion but possessed a local maximum.
However, the studies conducted in the present work did not demonstrate a significant difference in the adsorption magnitudes of PER in the presence of the remaining components in a given solution. The adsorption isotherm for this compound from multi-component solutions followed a course that was closely similar to that from the single-component solution. The magnitudes of the adsorption of the remaining components in the multi-component solution decreased relative to their behaviour in the single-component systems. The increase in this difference was inverse to the magnitude of the da/dC increment for the single-component adsorption isotherm. A typical example is that of the adsorption isotherms of 12DCE from single-and multi-component solutions shown in Figure 2 . In these cases, the adsorbent concentration amounted to 0.4 g/dm 3 and the initial concentrations of the individual components were equal, i.e. C 0 (12DCE) = C 0 (CHCl 3 ) = C 0 (CCl 4 ) = C 0 (VDC) = C 0 (TRI) = C 0 (S-TET) = C 0 (PER). The concentrations of each component in the solution prepared were 0.006, 0.018, 0.030, 0.042, 0.054, 0.066, 0.078, 0.090, 0.102 and 0.114 mmol/dm 3 , respectively. Figure 3 shows a similar comparison for PER. Correlation of the data was attempted using the Langmuir and Freundlich-Langmuir equations as extended to multi-component solutions.
Langmuir equation:
(5)
Freundlich-Langmuir equation:
( 6) where i represents component i in the multi-component solution.
However, both models were unsuccessful in describing the investigated phenomena. For this reason, the following computational method was assumed for the adsorption of chloro-derivatives from the seven-component aqueous solution containing PER, S-TET, TRI, CCl 4 , VDC, CHCl 3 and 12DCE onto the DTO activated carbon. The assumptions made were as follows:
1. The chloro-derivatives considered were adsorbed onto the same active sites on the adsorbent surface. 2. The adsorbent exhibited the same maximum molar adsorptivity relative to each chloro-derivative investigated as during adsorption from the single-component solution (for similar sized molecules) and only depended on the equilibrium concentration of that component in the solution:
3. The magnitude of the adsorption of a component with the higher adsorption affinity in the multi-component solution was not influenced by components in the mixture having a lower affinity irrespective of their concentration. 4. The 'sequence' in which the adsorption space was occupied was in line with the increasing adsorption affinities of the components in the system.
If we denote the component with the highest adsorption affinity as 1, and assume further that as this number increases the magnitude of the affinity of the corresponding component decreases, then generally we can write that: corresponding to the fraction of adsorption space free. For component 1 with the highest adsorption affinity, the value of Q was unity, whereas for component 2 this value amounted to and for consecutive components as in equation (8).
Equation (7) may be transformed and written as:
( 9) where f(C i ) corresponds to the adsorption isotherm obtained from the single-component solution.
If the adsorption isotherms from the single-component solutions are well approximated by the Langmuir equation, then substitution of the mass-balance equation (1) followed by solution of the square equation allows equation (7) to be readily achieved in the form:
where Z is the adsorbent concentration (g/dm 3 ). This form is convenient for computation because it takes into account the initial conditions such as the initial concentration and the adsorbent concentration. However, when the values of the equilibrium concentrations are known, the use of the more accurate three-parameter equation for the isotherm adsorption is more appropriate.
Calculations for the multi-component solutions studied were undertaken on the basis of the Langmuir equation, the coefficients of this equation being taken from Table 2 since these best described the equilibrium over the concentration range investigated. The experimental results obtained from measurements of the equilibria for multi-component solutions were compared with the values achieved from calculations based on equation (10) and the isotherms for the singlecomponent solutions described by the Langmuir and the extended Langmuir and Freundlich-Langmuir models. The average value of the relative error, , was taken as a measure of the compatibility of the experimental results with the calculated values (Ambrozek 2001) : where a ie and a ic are the experimental and calculated adsorptivities while N is equal to the number of measurements made.
The results of such calculations are compiled in Table 4 . The values of the total adsorption Sa i for the mixtures of chloro-derivatives investigated calculated from equation (10) It will be seen that the calculation method applied provided the most accurate representation of the experimental results. Calculation of the magnitude of the adsorption of an individual component via the extended Langmuir and Freundlich-Langmuir equations was impossible practically for the cases studied. The calculation method employed allowed a satisfactory evaluation of both the total adsorptivity and the magnitude of the adsorption of the respective components. Figure 9 . Comparison of the experimental data for VDC and the adsorptivity as calculated from equation (10).
CONCLUSIONS
The adsorption affinities decreased in the following order: PER > S-TET > TRI > CCl 4 > VDC > CHCl 3 > 12DCE. DTO activated carbon exhibited the same maximum molar adsorptivity (1.5 mmol/g) for each chloro-derivative investigated as during adsorption from a singlecomponent solution. The only factor governing such adsorptivity was the equilibrium concentration of the component in the solution. The magnitude of the adsorption of PER from the multi-component solution was not influenced by the presence in the mixture of other components having a lower adsorption affinity, irrespective of the concentration of these components. Figure 11 . Comparison of the experimental data for TRI and the adsorptivity as calculated from equation (10).
The Langmuir and Freundlich-Langmuir extended equations were unsuccessful in describing the adsorption of chlorohydrocarbons from a multi-component aqueous solution onto DTO activated carbon. Evaluation of the magnitude of adsorptivity from the multi-component solution could be performed with high accuracy using the computational technique presented. The adsorption equilibrium could be evaluated on the basis of the initial process conditions via the Langmuir adsorption isotherm. A maximum relative average error of 18.9% was observed in the sum of the adsorption magnitudes. Figure 13 . Comparison of the experimental data for PER and the adsorptivity as calculated from equation (10).
